We prepared antisera against purified inducible P-galactosidases from Lactobacillus murinus ATCC 35020, LactobaciIlus bulgaricus ATCC 11842T (T = type strain), and Lactobacillus helveticus ATCC 15009T and used these antisera to measure the levels of immunological relatedness between the reference enzymes and P-galactosidases from various lactobacilli. Crude extracts from 11 species of lactobacilli, 7 wild-type strains isolated from Tafi cheese (Tucuman, Argentina), and 4 biotypes isolated from the guts of rats were tested against P-galactosidhse antisera from L. murinus, L. bulgaricus, and L. helveticus. Pairwise comparisons between cross-reacting crude extracts were done by using double-diffusion assays. These comparisons permitted the recognition of antigenic specificity groups based on the P-galactosidases of various nomenspecies of lactobacilli; some of the species gave bands of nonidentity. The results of microcomplement fixation experiments in which we used two of the three antisera supported the results obtained with the double-diffusion assays and provided quantitative estimations of the antigenic relationships within the various P-galactosidases. From the combined results obtained with the antisera, a composite phylogenetic map of the antigenic relationships among the P-galactosidases from lactobacilli was prepared. This map agreed with the maps for the following two other constitutive enzymes: fructose diphosphate aldolase (J. London and K. Kline, Bacteriol. Rev. 37:453478, 1973) and D-( -)-lactic dehydrogenase (F. Gasser and C. Gasser J. Bacteriol. 106:113-125,
1971).
In previous studies, the fructose diphosphate aldolase of Streptococcus faecalis (7) and the D-( -)-lactic dehydrogenases of Lactobacillus leichmanii, Lactobacillus jensenii, and Lactobacillus fermentum (5) were used as references to establish evolutionary relationships among lactic acid bacteria by determining the degrees of immunological reactivity between these enzymes and specific antisera. In these studies the authors demonstrated that all lactic acid bacteria are members of a single evolutionary group. These authors used a sensitive method, namely, immunological analysis for the detection of structural homologies among proteins.
The available data suggest that among isofunctional proteins, the degree of cross-reactivity is inversely related to the number of differences in the amino acid sequences (1) .
Other methods suitable for studying evolutionary relationships among bacterial groups are determination of guanineplus-cytosine contents of deoxyribonucleic acids (4) and deoxyribonucleic acid reassociation (3-5, 7, 9) . Unfortunately, these methods provide little information concerning the degree of sequence similarity (16) .
The present investigation was carried out to determine phylogenetic relationships among lactobacilli by analyzing a common inducible enzyme,, ,P-galactosidase, using microcomplement fixation and Ouchterlony techniques.
MATERIALS AND METHODS
Microorganisms. The Lactobacillus strains used in this study are listed in Table 1 .
Culture media and growth conditions. The basic medium used for growth of the organisms has been described previously by Raibaud et al. (13) . Lactose (0.5%) was added to the medium to induce the enzyme. After 15 h at 37"C, the cells were harvested by centrifugation at 7,000 x g for 10 * Corresponding author. 103 min at 4°C. The cells were washed twice in 50 mM phosphate buffer (pH 7.0).
Preparation of cell-free extracts. The cells harvested by centrifugation (40%, wthol) were suspended in phosphate buffer (pH 7.0) and disrupted in a Megason Ultrasonic sonifier at 100 W and 4°C for 30 min with 3-min intervals after each 5-min exposure.
Cell debris was removed by centrifugation at 30,000 x g for 30 min at 4°C and was stored at -70°C until it was needed.
Isolation and purification of P-galactosidases. The Lactobacillus strains used for P-galactosidase purification and to prepare antisera were Lactobacillus murinus ATCC 35020, Lactobacillus helveticus ATCC 15009T and Lactobacillus bulgaricus ATCC 11842T.
The following procedure was used to purify L. murinus P-galactosidase (10): precipitation with solid ammonium sulfate between 40 and 65% saturation, chromatography over Ultrogell ACA 34 and diethylaminoethyl-Sephadex A-50, and affinity chromatography over agarose-p-aminophenyl-P-D-thiogalactoside. Polyacrylamide gel electrophoresis was used for purity control (Fig. 1) (10) .
For purification of L . helveticus p-galactosidase the steps were as follows (11) : precipitation with solid ammonium sulfate between 20 and 80% saturation, chromatography on a diethylaminoethyl-cellulose column equilibrated with 50 mM phosphate buffer (pH 7.0) and eluted with a 0 to 0.6 M NaCl linear gradient, filtration through Sepharose 6B, and affinity chromatography with agarose-p-aminop henyl-P-D-t hiogalactoside. Polyacrylamide gel electrophoresis was used for purity control (10, 11) .
The P-galactosidase of L. bulgaricus was purified by the procedure used for purification of the L . helveticus enzyme.
Enzymatic activity was determined by using the synthetic substrate o-nitrophenyl-P-D-galactopyranoside. The enzyme was incubated for 10 min at 37°C with 1 mM o-nitrophenyl- pi-D-galactopyranoside in 50 mM monopotassium disodium phosphate buffer (pH 7.0) (final volume, 0.75 ml). The reaction was stopped by adding 0.5 M Na2C03. Absorbance was determined at 440 nm. The standard curve was obtained with o-nitrophenol. One unit of enzymatic activity was defined as 1 pmol of o-nitrophenol released at 37°C from o-nitrophenyl-(3-Dgalactopyranoside per ml per min of reaction.
Preparation of antisera. Antiserum against each Pgalactosidase was prepared by injecting 1 mg of highly purified enzyme into two New Zealand white rabbits. The antigen was suspended in an equal volume of Freund complete adjuvant, and the rabbits were injected with 1 ml each tilme. A priming dose was given in each footpad, and a boosting dose was administered 8 days later subcutaneously in four different sites on the back. On days 21 and 28 the same dose was injected in the footpad. The rabbits were bled from the central ear artery on days 35, 37, and 39 after boosting; 10 ml of serum was obtained at each bleeding, and these samples were stored in 1-ml tubes at -70°C.
Antiserum specificity and purity were tested against Pgalactosidase by the Ouchterlony test and microcomplement fixation. This procedure produced a single precipitation line on immunodiffusion plates and the same microcomplement fixation curve with both purified enzyme and crude cell-free extracts prepared as described above.
Quantitative precipitin tests were performed to determine antibody concentration (6).
Immunodiffusion. Immunodiffusion tests were conducted at room temperature by using the Ouchterlony double-diffusion technique (10) . Portions (approximately 3 ml) of 1.25% aqueous agarose solutions were pipetted onto glass slides; 20 pl of a solution containing 250 kg of p-galactosidase crude extract per ml (10 to 50 U of enzymatic activity) was added to each antigen well. The central well received 20 pl of undiluted antiserum. Precipitin lines were examined after 24 and 48 h of incubation at room temperature.
Microcomplement fixation. Microcomplement fixation experiments were performed by using the technique of Wasserman and Levine (16) , as modified by Rogosa (personal communication). Two anti-P-galactosidase sera, which were obtained with L . murinus ATCC 35020 and L. bulgaricus ATCC 11842=, were tested against 22 Lactobacillus strains. The guinea pig complement was titrated to obtain 50% lysis under standard conditions, and 2.5 U was routinely used.
After centrifugation for 90 min at 20,000 rpm to eliminate anti-complementary activity, the crude extracts of each strain were diluted to give a range of 1 to 40 pg of protein for the homologous and heterologous antigens to assay with every antiserum dilution.
Enzymatic activity was detectable with 1 pg of protein.
Each homologous system and each strain were tested with four different antiserum dilutions to determine the optimal concentration that fixed between 50 and 90% of the complement (Fig. 2) .
The anti-P-galactosidase of L. bulgaricus ATCC 11842T was used at a final dilution of 1:10,000, and the anti+-galactosidase of L . murinus ATCC 35020 was used at a final dilution of 1: 10,500; these antisera were compared with each crude extract (Fig. 3 and 4) .
The results of the microcomplement fixation experiments were expressed as indexes of dissimilarity (ID) (2), which were determined by using the following expression: log ID = FIG. 1. Polyacrylamide (7.5%) gel electrophoresis of samples from steps in the purification of (3-galactosidase from L. murinus ATCC 35020. Lane A, 40 to 65% (NH&S04 fraction; lane B, peak fraction eluted by Ultrogell ACA 34 column chromatography; lane C, peak fraction eluted by diethylaminoethyl-Sephadex A-50 column chromatography; lane D, peak fraction eluted by affinity chromatography. The gels were stained with 0.1% Coomassie brillant blue R-250 and destained with 50% methanol-7.5% acetic acid. 
RESULTS
Comparative Ouchterlony double-diffusion experiments with each of the three antisera against P-galactosidase preparations (Fig. 5A through E) showed that the anti-pgalactosidase of L. bulgaricus ATCC 11842T had identical specificity with L. bulgaricus ATCC 1 1842T, Lactobacillus lactis ATCC 12315T, and L . leichmannii ATCC 7830, suggesting that the P-galactosidases of these strains are immunologically homologous.
Cross-reactions with a single spur were produced with the same antiserum when extracts of L. fermentum ATCC 14931T, Lactobacillus casei subsp. casei ATCC 393T, and Lactobacillus acidophilus ATCC 43MT were placed in adjacent wells. Formation of two spurs, one directed toward each antigen well, was observed with L . helveticus ATCC 15009T, suggesting a reaction of nonidentity .
Extracts from L. murinus ATCC 35020, Lactobacillus salivarius ATCC 11742T, and Lactobacillus plantarum ATCC 10241 did not give any precipitation, indicating that each had heterologous proteins.
The results of Ouchterlony immunodiffusion with the anti-P-galactosidase of L. bulgaricus (Fig. 7) .
None of the extracts studied reacted when they were 1 ested with anti-P-galactosidase from L . murinus ATCC 35020. This antiserum gave precipitin lines only with the 13-galactosidase from L. muriniis (Fig. 5A and B) .
L. casei subsp. casei CRL 237 and L. planturum CRL 123, strains which were isolated from a local cheese (Tafi, 'I'ucuman, Argentina), as well as L . bulgaricus CRL 403, CRL 405, and CRL 406 (collection strains from the Center of Reference for Lactobacilli), showed behavior similar to that of the collection strains when they were tested with the three antisera. L. casei subsp. pseudoplantarum CRL 203 and L. c-asei subsp. rhamnosiis CRL 207, wild-type strains isolated from Tafi cheese, did not react with any of the antisera. The same result was obtained with the biotypes belonging to the INT. J . SYST. BACTERIOL. Thermobacterium group (" Thermobacterium" biotype 2 strain CNRZ 236, ' ' Thermobucterium" biotype 3 strain CNRZ 361, "Thermobacterium" biotype 1 strain CNRZ 320, and "Thermobacterium" biotype 4 strain CNRZ 133), which were isolated from the guts of rats.
The microcomplement fixation technique was used to detect minor differences among the antigenic determinants of the various P-galactosidase proteins by using two pgalactosidase antisera corresponding to L. bulgaricus ATCC 11842T and L. murinus ATCC 35020.
By using the results of the experiments described above, the indexes of dissimilarity and the immunological distances were calculated ( Table 2) .
DISCUSSION
An immunological comparison af the amino acid sequences of isofunctional proteins allows the creation of evolutionary trees.
Champion and co-workers (2) demonstrated that quantitative immunological techniques could be readily adapted to measure structural similarities among related proteins. The immunological method is a rapid, easy, and sensitive technique which allows microbiologists to compare isologous enzymes from a large number of bacterial species.
The results obtained when the P-galactosidases from L. brilgaricris ATCC 11842T and L. murinus ATCC 35020 were used as immunological references were used to determine the levels of relatedness among 22 Lactobacillus strains and to establish, with a considerable degree of certainty, the immunological relationships within this group of bacteria.
In this study, the immunodiffusion technique was used qualitatively to establish a hierarchical order and to determine whether proteins had diverged from each other (5-8) ; microcomplement fixation was used to quantify the degree of relatedness.
There is a correlation between the results obtained with the immunodiffusion and microcomplement fixation methods. However, it is generally accepted that the Ouchterlony technique is not very sensitive; therefore, the more sensitive quantitative immunochemical procedure (microcomplement fixation) can be used to detect minor antigenic differences which might not be observed with the Ouchterlony method. The quantitative nature of these assays also permitted us to calculate the immunological distances among antigenically distinct forms of P-galactosidase. Table 2 shows that with the anti-P-galactosidase from L . brilgaricus ATCC 11842T, as well as with that from L. muriniis ATCC 35020, there was a high degree of homology between the L . bulgaricirs reference and L. bulgaricirs CRL 403, CRL 405, and CRL 406 (collection strains from the Center of Reference for Lactobacilli), L. lactis ATCC 12315T, and
, and L. ferrnentum ATCC 14931' are antigenically less related to L. bulgaricus ATCC 11842' than the group described above, but they are related to each other.
L. murinus ATCC 35020, the "Thermobacterium" biotypes tested ("Thermobacterium" biotype 2 strain CNRZ 236, "Thermobacterium" biotype 3 strain CNRZ 361, "Thermobacterium" biotype 1 strain CNRZ 320, and "Thermobac- phylogenetic relationships derived from our experiments is shown in Fig. 8 and 9 .
The existence of immunological similarities among L . bulgarici4s ATCC 11842T, L . lactis ATCC 12315', and L . leichrnannii ATCC 7830 was confirmed by using two types of P-galactosidase antiserum. Our results agree with those of London and Kline (7) and those of Gasser and Gasser (3, who used aldolase and lactase dehydrogenase, respectively.
We galactosidase is afi enzyme that has experienced few modifications throughout evolution, as evidenced by its almost unchanged occurrence in homo-and heterofermentative lactic acid bacteria, whereas the same phenomenon does not occur in enzymes that participate in subsequent metabolism.
There are groups of lactobacilli less related to these strains. These groups have diverged from the L. Another group did not react with either of the two antisera in immunodiffusion experiments because the immunological distance was too great in microcomplement fixation assays. In the map they are far from the L. bulgaricus reference. However, all of these lactobacilli were probably derived from a common ancestor, because they can all cross-react in microcomplement fixation assays.
We found that L. casei subsp. casei ATCC 393 and CRL 273 are in a different group than L. casei subsp. rhamnosus CRL 237 and L. casei subsp. pseudoplantarum CRL 203. These findings are in agreement with those of London and Mayer (8), who worked with the malic enzyme.
It must be emphasized that our schemes are tentative. Two antisera against two different p-galactosidases are not enough to reveal complete phylogenetic relationships. 
